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Establishment of the dorsal–ventral (DV) axis of the Drosophila embryo depends on ventral activation of the maternal Toll pathway, which
creates a gradient of the NFkB/c-rel-related transcription factor dorsal. Signaling through the maternal BMP pathway also alters the dorsal
gradient, probably by regulating degradation of the IkB homologue Cactus. The BMP4 homologue decapentaplegic (dpp) and the BMP antagonist
short gastrulation (sog) are expressed by follicle cells during mid-oogenesis, but it is unknown how they affect embryonic patterning following
fertilization. Here, we provide evidence that maternal Sog and Dpp proteins are secreted into the perivitelline space where they remain until early
embryogenesis to modulate Cactus degradation, enabling their dual function in patterning the eggshell and embryo. We find that metalloproteases
encoded by tolloid (tld) and tolkin (tok), which cleave Sog, are expressed by follicle cells and are required to generate DV asymmetry in the Dpp
signal. Expression of tld and tok is ventrally restricted by the TGF-α ligand encoded by gurken, suggesting that signaling via the EGF receptor
pathway may regulate embryonic patterning through two independent mechanisms: by restricting the expression of pipe and thereby activation of
Toll signaling and by spatially regulating BMP activity.
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Establishing gene expression territories of precise size and
position is a prerequisite for the formation of tissues and
organs during development. In Drosophila, several loci are
required to define domains along the embryonic dorsal–ventral
(DV) axis. DV patterning is initiated during oogenesis, by the
TGFα-like protein encoded by gurken (grk) (Neuman-Silber-
berg and Schupbach, 1993). Dorsal anterior expression of grk
in the oocyte activates EGF receptor signaling in overlying
dorsal follicle cells, spatially restricting the expression of pipe
(pip) to the ventral follicular epithelium (Peri et al., 2002; Sen
et al., 1998). pip encodes a glucosaminoglycan modifying
enzyme (Sen et al., 1998, 2000) believed to spatially regulate⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.04.453activation of the Toll receptor pathway. In addition to pip,
nudel (ndl) is expressed by follicle cells (Hong and
Hashimoto, 1995). ndl encodes a serine protease that is
secreted into the perivitelline fluid, between the vitelline and
oocyte plasma membranes, and then transferred to the future
embryo where it acts following fertilization by a mechanism
referred to as “delayed induction” (LeMosy et al., 1999; Roth,
1998; St Johnston and Nusslein-Volhard, 1992). Nudel most
likely functions by triggering the proteolytic cascade required
to generate the activated Toll ligand encoded by Spätzle
(LeMosy et al., 1998).
After Spätzle is processed and activated ventrally by the
maternal protease cascade, it binds to the maternal Toll
receptor, triggering graded Toll signaling in a ventral-to-dorsal
fashion (Ray and Schupbach, 1996). Toll signaling induces
ubiquitination and degradation of the cytoplasmic IkB
homologue protein Cactus (Cact) (Anderson et al., 1985;
Hecht and Anderson, 1993; Roth et al., 1991; Shelton and
Wasserman, 1993) resulting in nuclear translocation of the
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ventral-to-dorsal gradient of nuclear Dl is thus formed,
defining the primary domains of zygotic gene expression in
the ventral mesoderm, lateral neuroectoderm and dorsal
ectoderm (Stathopoulos and Levine, 2002). Although signal-
ing via the Toll pathway is sufficient to establish several
distinct domains of gene expression along the DV axis, there
is evidence that other maternal pathways participate in
embryonic DV patterning. For example, maternal decapenta-
plegic (Dpp) signaling contributes to determining the relative
sizes and positions of DV domains. dpp and the BMP
antagonist encoded by short gastrulation (sog) are both
expressed during mid-oogenesis in subsets of follicle cells
(Araujo and Bier, 2000; Twombly et al., 1996) where they
function to pattern structures of the chorion (Araujo and Bier,
2000; Deng and Bownes, 1997; Peri and Roth, 2000;
Twombly et al., 1996) as well as the embryonic DV axis
(Araujo and Bier, 2000). With respect to its DV patterning
role, genetic epistasis experiments suggest that Dpp signaling
acts in parallel to Toll, by inhibiting degradation of Cact
through a signal independent pathway (Araujo and Bier, 2000;
Belvin et al., 1995; Liu et al., 1997).
It is not known how maternal dpp and sog impinge on
embryonic patterning. BMPs signaling could act indirectly to
pattern the embryo by regulating the expression of genes in
the oocyte or follicle cells, which in turn establish DV
patterning in the embryo. Alternatively, maternal sog and dpp
could exert their effects directly on embryogenesis by delayed
induction, as described for ndl. Here, we provide evidence for
the latter possibility. We show that Sog and Dpp proteins are
secreted into the perivitelline space during mid-oogenesis and
are stockpiled there for subsequent patterning during early
embryogenesis. In addition, the restricted expression of the
metalloproteases tld and tok in ventral follicle cells suggests
that Sog is differentially cleaved along the DV axis of the egg
chamber, generating Sog fragments that create an asymmetry
in maternal Dpp signaling. A gradient of Dpp activity forms
with the highest levels in the dorsal perivitelline space which
then modifies the slope of the Dl gradient in the early
embryo.
Methods
Fly stocks
Alleles used: Canton S, sogU2, dlI5 and dl1, tld(68–62), tok(Δ2–41). UAS
constructs containing dominant-negative forms Tkv, Sax and Punt were a gift
from Dr. O'Connor. The matα4Gal4-VP16 line was a gift from Daniel St
Johnston. UAS-sog constructs are described in Yu et al. (2004). UAS-Dpp-GFP
was kindly provided by Dr. Gonzalez-Gaitán. Stocks for producing follicle cell
clones were obtained from Dr J. Duffy. Lines for producing dec marked clones
were a gift from Dr. Schüpbach.
Production of follicle cell clones
Follicle cell clones were generated as in Duffy et al. (1998). The absence of
GFP was used to follow the location and size of clones in the egg chamber. sog−
dec marked clones were generated as in Nilson and Schüpbach, 1998; however,
recombination was induced by use of e22-GAL4/UAS-Flp. FRT 82B insertionswere recombined onto chromosomes containing the tld and tok alleles in order to
generate clones by the Flp/FRT system.
Eggshell and cuticle preparations
Eggshells and cuticles were prepared and analyzed as in Araujo and Bier
(2000).
In situ hybridization and antibody staining
Double label in situ hybridization was performed as described previously
(Araujo and Bier, 2000). For antibody staining in ovaries, we used rabbit anti-
Sog 8A or 8B antiserum (1:500) (Srinivasan et al., 2002). Anti-rabbit HRP was
used as secondary antibody and visualized using the rhodamine TSA kit
(Molecular Probes). To visualize DppGFP protein, we made use of GFP
autofluorescence. The perivitelline space was delimited through visualization of
submembranous actin using Phalloidin 568 (1:80, Molecular Probes). The anti-
dorsal 7A4 antibody used for embryos was developed by Dr. Ruth Steward and
obtained from the Developmental Studies Hybridoma Bank, maintained by the
University of Iowa. A secondary anti-mouse Alexa 488 (Molecular Probes) was
used for visualization under confocal microscopy.
Frozen sections of ovarian follicles
Egg chambers were fixed in 6% PF and heptane for 10 min, washed in PBS/
0.3% Triton/0.5% BSA, cryopreserved in PBT/0,5M sucrose, embedded in OCT
resin and frozen by immersion in liquid nitrogen. Eight-micrometer-thick
sections were cut in a cryostat and immunoreacted with the 8B antiserum and
anti-actin (1:100).
Immunoblot analysis
Protein extracts were prepared by homogenizing 0- to 1-h-old dechorionated
embryos (referred to generally as preblastoderm embryos) or ovaries in
electrophoresis sample buffer. Embryos were collected after several plate
changes and visually inspected to make sure there were no contaminating older
embryos. Extracts were separated by SDS-PAGE on 10% gels and electroblotted
onto PVDF membranes (BIORAD). Blots were incubated with anti-Sog 8A
(1:500). Immune complexes were visualized using HRP-conjugated secondary
antibody and chemiluminescent enhancer system (Pierce).Results
Sog is secreted into the perivitelline space
As a first step in assessing how maternal Sog and Dpp
proteins produced during oogenesis function, we analyzed the
distribution of Sog protein during oogenesis and in early
embryonic stages, prior to the onset of zygotic sog and dpp
expression. We used anti-Sog antibodies that recognize epitopes
near the first (8A) or second (8B) (Srinivasan et al., 2002; Yu et
al., 2000) cysteine-rich (CR) repeats of the Sog protein (see
diagram in Fig. 2C) to detect endogenous expression of Sog in
follicle cells (Figs. 1A–C). This labeling represents authentic
Sog staining since the signal is greatly reduced or undetectable in
the vicinity of RNA null sog− follicle cells clones (Fig. 1A).
From stage 10 onwards, Sog can be detected in the extracellular
space between the plasma membranes of the follicle cell layer
and the oocyte (Figs. 1D–I). This pattern remains stable once the
impermeable vitelline membrane is completely formed (stage
>13) and further transfer of proteins from follicle cells is no
longer possible, although greater staining is observed associated
Fig. 1. Sog is secreted into the perivitelline space. Sog protein in whole mounts (A–C) and frozen sections (D–I) of egg chambers, using the 8B (A, B, D–I) or 8A (C)
antiserum. Sog is observed inside follicle cells from stages 8 to 10 and between follicle cells and oocyte beginning at stage 10 (A, arrow). Nuclear Topro staining in blue.
Panels A′ and A″ show a stage 8 egg chamber with absence of 8B staining (red) in cell clones that do not express sog (asterisks). The same was observed for the 8A
antiserum. (B) Mid-optical section of stage 10B egg chamber with even 8B staining between follicle cells and oocyte and decreased staining inside follicle cells. Even
staining was observed in all sections analyzed. (C) Optical section of stage 10B egg chamber reveals greater 8A staining close to ventral anterior cells (arrow). This
asymmetry could only be detected during stage 10B, in mid-sections of the egg chamber, while in superior and inferior sections, staining was even, as shown for the 8B
antisera. Staining between follicle cells and oocyte corresponds to the future perivitelline space since protein detected by 8B (E, H) is seen between the plasmamembrane
of the two cell types, as detected by staining for submembranous actin (D, G and F, I) at stage 10 (D–F) and 13 (G–I) in frozen sections. oo, oocyte; fc, follicle cell. In
panels B and C, dorsal is up. The orientation of egg chambers was determined by the dorsal location of the oocyte nucleus (examined under phase contrast) and by the
morphology of follicle cells, which is clearly distinct in dorsal and ventral regions at stage 10B.Double stains for anti-Sog 8A and anti-Grk antibodywere also performed
to unambiguously orient staining within the egg chamber. Since images for Sog single stains were of better quality, however, those are presented here.
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between the embryo and perivitelline membrane will become the
future perivitelline space, where a variety of maternally
produced proteins may be stored until after fertilization.
sog mRNA is expressed in a broad band of follicle cells that
migrate posteriorly over the oocyte during stage 9 (Araujo and
Bier, 2000). This mRNA expression correlates with intracellular
Sog protein staining during stages 9 and 10A and is the likely
site of production and secretion of Sog which then becomes
evenly distributed in the extracellular compartment. By stage
10B, sog mRNA is restricted to a half ring of ventral anterior
follicle cells (Araujo and Bier, 2000). A similar DV asymmetry
in Sog protein staining is also observed at this stage with the 8A
anti-Sog antiserum (Fig. 1C). The 8B anti-Sog antiserum
detects a more homogeneous staining pattern throughout all
stages analyzed (Figs. 1A, B).
Western blot analysis with the 8A antiserum indicates that
several Sog protein species (29–120 kDA) are produced during
oogenesis and remain stable through early embryogenesis (Fig.
2A). During early embryonic stages, before the onset of zygotic
gene expression, a full-length 120-kDa Sog band is observed as
well as lower Mr bands of 110, 68 and 42 kDa (Fig. 2A). These
later bands most likely correspond to fragments containing the
first cysteine repeat (CR1) plus variable lengths of the stem
based on the location of the 8A epitope (Yu et al., 2000, 2004).The pattern of bands in preblastoderm embryos and egg
chambers is quite similar, although the relative amounts of
bands are not completely equivalent. Upon initiation of zygotic
gene expression, however, an overlapping but distinct pattern of
Sog fragments is observed (be, Fig. 2A). As sog expression
cannot be detected in the germline (Araujo and Bier, 2000), the
protein bands detected by the 8A antiserum during oogenesis
and early embryogenesis most likely result from expression in
follicle cells. It has been observed that Sog can be cleaved in
vivo and that different fragments of Sog exert distinct activities
(Serpe et al., 2005; Yu et al., 2000, 2004). We tested whether
there was any selectivity to the transfer of Sog fragments from
follicle cells to the embryo that would suggest selective
functions of different forms of maternal Sog protein in the
embryo versus egg chamber. We used the follicle cell CY2
GAL4 driver to express full-length or truncated UAS-sog
constructs and assayed protein extracts from ovaries or embryos
for Sog proteins. Although these experiments are not quanti-
tative, all Sog forms expressed during oogenesis were detected
in resulting embryos, indicating that there is little or no
qualitative bias in transferring different forms of Sog (Fig. 2B).
It should be noted that Sog fragments that lack CR1 cannot be
detected by the 8A antiserum. In addition, the 8B antiserum is
not well suited for Western blot analysis, thus we could not
examine formation of stable complementary fragments of Sog
Fig. 2. Sog fragments are produced during oogenesis and present in the preblastoderm embryo. (A) Western blots probed with the 8A antiserum in extracts from wild-
type egg chambers (o), preblastoderm embryos (e, 0–2 h old) or 2–5 h embryos (be). Bands corresponding to full-length Sog (120 kDa) or N-terminal Sog fragments
(110, 95, 88, 68, and 42 kDa) are shown at the left. Fragments (100 and 80 kDa) observed only in 2–5 h embryos are shown at the right. Small fragments are detected in
variable amounts (34–29 kDa). Similar protein amounts were loaded for (o), (e), and (be), as determined by serial dilutions of samples. (B) Ectopic expression of full-
length Sog (UAS-Sog) or Sog fragments (UAS-ssog1, UAS-ssog 4, UAS-CR1,2) was driven in follicle cells with the CY2 GAL4 driver. High levels of the transgene
encoded Sog protein (arrowheads) were detected in (o) and (e), as well as modified quantities of bands corresponding to endogenous fragments (68, 42, and 34–
29 kDa). Upon induction of ssog1, two bands were detected in ovaries (38 and 34 kDa) probably corresponding to the entire fragment plus another form resulting from
endogenous proteolysis. In panels A and B, approximately 24 embryo equivalent/lane and corresponding protein amounts from egg chambers were loaded. ∼18
embryo equivalent/lane was loaded in ssog1 lanes due to the high levels of expression. (C) Schematic structure of Sog protein with transmembrane domain which is
cleaved for secretion (black box), cysteine-rich domains (boxes) and putative Tld/Tok cleavage sites (arrows). Structure of UAS-sog constructs utilized are indicated
with the corresponding molecular weights.
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produced and stored in the perivitelline space.
Dpp produced by follicle cells is stored in the perivitelline
space
We were also interested in determining the distribution of
Dpp during oogenesis, however, detecting endogenous Dpp
protein with existing antibodies has proven challenging.
Experiments in which Dpp protein is overexpressed in follicle
cells are also somewhat problematic in that ectopic Dpp
expression generates chorionic defects that interfere with
fertilization of oocytes and thus prevent analysis of maternal
Dpp function in resulting embryos. These limitations not
withstanding, we drove expression of a GFP tagged form of
Dpp (Dpp-GFP) (Entchev et al., 2000) in follicle cells. GFP
fluorescence could be detected in the perivitelline space during
mid-oogenesis and in late stage oocytes (Figs. 3A–I). Wenoticed that while not all follicle cells expressed the Dpp-GFP
construct at high levels, the extracellular Dpp-GFP signal was
still quite strong in cells adjacent to neighbors expressing high
levels of Dpp-GFP (Figs. 3A–C, G–I). On the other hand, the
Dpp-GFP signal declined sharply further away from cells
expressing high levels of the construct (Figs. 3A, C arrow).
Interestingly, Dpp-GFP fluorescence was more intense in dorsal
than ventral regions of the perivitelline space. This asymmetry
persisted until late stages of oogenesis (see Supplemental
Fig. 1). While the CY2-GAL4 line does not drive homogenous
expression, it also does not generate asymmetric expression
along the DVaxis (Queenan et al., 1997), such as that observed
for CY2 > Dpp-GFP. Thus, the CY2 > Dpp-GFP pattern most
likely results from movement of Dpp protein inside the egg
chamber, as is further supported by data presented in following
sections. As CY2 > Dpp-GFP mothers generate few embryos,
most of which are unfertilized, it is difficult to test whether Dpp-
GFP deposited in the perivitelline space persists until early
Fig. 3. Dpp can be secreted to the perivitelline space. Overexpression of UAS-DppGFP in follicle cells attained with CY2 GAL4. (A–C) During stage 10 expression
levels are similar in dorsal and ventral FOCs, although all cells do not express identical levels of the construct. Fluorescence is also present between the follicle cells
and the oocyte and co-localizes with anti-Sog 8B. GFP signal in the extracellular space (arrowheads) is strong near cells that do not express DppGFP (asterisks) when
surrounded by DppGFP expressing cells, while further away fluorescence is absent (arrow). Staining for 8B is still strong in this region (B, C, arrow). (D–F) In late
stage egg chambers (>stage 13), DppGFP still co-localizes with Sog in the extracellular space. (G–I) Double labeling for actin and GFP confirms that DppGFP is
secreted to the perivitelline space between the oocyte (oo) and follicle cell (fc) membrane. Again, fluorescence is observed in the extracellular space (arrowheads)
adjacent to cells that do not express DppGFP (asterisks). (J) GFP fluorescence is also observed in embryos resulting from egg chambers overexpressing DppGFP in
anterior follicle cells by use of the 55B GAL4 driver. Fluorescence is most intense in anterior regions. (Insert) Control embryo without UAS-DppGFP. Detector gain
was maximally increased to reveal embryo morphology. Dorsal is up, anterior is left.
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lower levels in anterior follicle cells, the resulting embryos had
intense fluorescence in anterior regions (Fig. 3J). These results
indicate that the Dpp-GFP protein is transferred to the embryo
and can diffuse over limited distances, suggesting that the range
of Dpp activity could be spatially regulated (Figs. 3A–C).
Maternal BMP signals transmitted through Tkv affect
embryonic patterning
Since Dpp signaling is mediated by the Thick veins (Tkv
receptor), we tested whether blocking this receptor prior to
zygotic Dpp expression could alter DV patterning in the
embryo, as might be expected if this receptor also mediated the
effect of the maternal Dpp signal. We blocked endogenous Dpp
signaling by expressing a dominant negative form of thick veins
(tkvDN; Haerry et al., 1998) with the maternal GAL4 driver
matα4GAL4-VP16. This GAL4 driver has been used to rescuethe maternal effect of mom− and dome− germline clones, as
well as to drive early expression in the precellular blastoderm
embryo (Brown et al., 2001; Dorfman and Shilo, 2001; Hacker
and Perrimon, 1998). Maternally expressed tkv mRNA is
delivered to the oocyte during nurse cell dumping, leading to
uniform high-level expression of this receptor throughout the
embryonic plasma membrane (Affolter et al., 1994; Brummel et
al., 1994). Blocking maternal tkv with tkvDN resulted in
embryos with a range of phenotypes including ventralized
cuticles (data not shown), widening of the ventral neuroecto-
dermal domain expressing ventral nervous system defective
(vnd) (Fig. 4D), broadening of the snail (sna) expressing
mesodermal domain (Fig. 4B), or narrowing of the mesoderm
(Fig. 4C). The ventralized cuticle phenotypes could in part be
due to reduction in zygotic Dpp signaling. The observed
alterations in the vnd and sna expression domains, however, are
likely to result solely from early interference with maternal Dpp
signaling, since eliminating zygotic dpp activity does not
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al., 2004) or sna expression (Biehs et al., 1996). Overexpression
of dominant-negative punt (punt[DN]) produced similar results,
while overexpression of sax[DN] had no effect on the gene
expression patterns in ventral and lateral domains (not shown).
This lack of DN-Sax phenotypes suggests that the BMPs Scw
and Gbb, which signal via Sax receptors (Haerry et al., 1998;
Neul and Ferguson, 1998; Nguyen et al., 1998), do not
contribute substantially to the component of maternal BMP
signaling that acts on the dorsal gradient.
The embryonic phenotypes described above were variable
and not fully penetrant (23% with DV phenotypes, 139 embryos
analyzed), which may reflect robustness of the Dl pathway (seeFig. 4. Maternal Dpp alters gene expression via BMP receptors present in the
early embryo. (A) In wild-type embryos ventral sna and ventro-lateral vnd
expression is 12–18 and 3–5 cells wide respectively. (B–D) Upon blockage of
the maternal Tkv receptor (matαGAL4-VP16 > tkv[DN]), the extent of these
domains is altered in several ways: sna expands dorsally (black arrow),
occasionally splitting in two peaks (white arrows in B). This phenotype is
reminiscent of the pattern duplications observed as a consequence of decreased
gurken function (Roth and Schupbach, 1994); sna expression is decreased or
lost at 70% egg length (C); the vnd domain expands dorsally (D). Blocking
maternal Tkv in embryos laid by mothers heterozygous for a dorsal null allele
(dl−/+) results in all embryos with narrowed sna domains and dorsal expansion
of vnd expression (81% penetrance, E). Wild-type embryos from dl−/+ mothers
show only a slight narrowing of the sna domain (Araujo and Bier, 2000). (F)
Reduction of zygotic dpp (dpphin/+ embryos) has no effect on vnd expression.
(G) Embryos generated from mothers heterozygous for an activated Toll allele
(Tl[3]/+) are ventralized, with a light expansion of the vnd domain along most of
the embryo and entirely expanded at 70% egg length (asterisk). These embryos
do not express zygotic dpp dorsally (arrowhead), but have remaining dpp
expression in the poles of the embryo, regulated by the terminal system (arrows).
The sna domain in these embryos is slightly narrower than in wild-type embryos
(H). (I) Blocking Tkv in embryos obtained from Tl[3]/+ mothers results in
embryos with a dorsal expansion of the vnd domain (arrow) or expansion of the
lateral vnd domain into the presumptive mesoderm at the expense of sna
expression (J). In all panels above, phenotypes consisting of loss of mesodermal
gene expression are significantly increased at 70% egg length, which may
correspond to the site nearest dpp expressing cells (see Model Fig. 8). (K)
Graphical representation of the Dorsal nuclear gradient in embryos from dl−/+
mothers, Dp(dpp)/+;dl−/+ mothers (Araujo and Bier, 2000), Tl[3]/+ mothers or
dl−/matαGAL4-VP16 mothers crossed to UAS-tkv[DN], based on the
measurement of the sna and vnd domains at 50% egg length. The slope of the
Dl gradient in embryos from dl−/+ mothers is similar to wild type, with only a
slight narrowing of the mesoderm. As all experimental genotypes represented
were generated in a dl−/+ genotypes, the wt curve is not represented. Mesoderm
(yellow), neuroectoderm (blue), dorsal ectoderm (red).Discussion). Similarly, embryonic phenotypes resulting from an
increase in the dose of maternal dpp were only manifest if
accompanied by a reduction in dorsal (dl) (Araujo and Bier,
2000). Therefore, we examined the effect of sensitizing the DV
patterning system by reducing the maternal dose of dl and then
blocking maternal Tkv function. We found that the resulting
embryos exhibited a highly penetrant phenotype (81%, 178
embryos analyzed) consisting of a reduction in the sna domain
and concomitant broadening of vnd expression both dorsally
and ventrally into the mesoderm (Fig. 4E). This phenotype
resembles that observed with certain dominant Easter alleles,
where the presumptive mesoderm is narrowed and the lateral
rho and sog expression domains are expanded (Chang and
Morisato, 2002). These phenotypes may be interpreted as a
flattening of the nuclear Dl gradient, with levels of Dl increasing
laterally and decreasing slightly ventrally. In embryos from Dp
(dpp)/+; dl−/+ mothers ventral invasion of vnd expression is
also observed, although the width of the neuroectoderm is not
further altered. We interpret this phenotype as a general
lowering of nuclear Dl levels with only a slight increase in
the slope of the gradient, reflected by an overlap of adjacent
expression domains (Araujo and Bier, 2000). Thus, the
neuroectodermal phenotypes obtained by blocking maternal
Tkv receptors are opposite to those generated by increasing the
dose of maternal dpp in that increasing the dose of Dpp steepens
the dorsal gradient, while blocking Tkv receptors flattens it (Fig.
4K). This model is in agreement with the pattern of distribution
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conditions, the ratio between nuclear/cytoplasmic Dl is lowered
ventrally, while intermediary levels of Dl are shifted dorsally
(see Supplementary Material S2).
In order to directly test whether the phenotypes described
could be in part due to zygotic Dpp signaling, we blocked
maternal Tkv in ventralized embryos generated from Tl[3]/+
mothers. In embryos from Tl[3]/+ mothers, dorsal zygotic dpp
expression is entirely lacking, and the vnd domain is slightly
expanded dorsally throughout the embryo and more anteriorly
circumnavigates the embryo in a ring (Fig. 4G, asterisk). A
modest reduction of the presumptive mesodermal domain is
also observed (Fig. 4H). When we also blocked maternal BMP
signaling in a Tl[3]/+ background, however, embryos displayed
a significant dorsal expansion of the vnd domain (Fig. 4I, 16%
penetrance, 55 embryos analyzed) or a ventral expansion of vnd
accompanied by loss of sna expression in the presumptive
mesoderm (Fig. 4J, 18% penetrance, 55 embryos analyzed). As
no dorsal dpp expression was detected in these embryos, the
embryonic phenotypes resulting from matαGAL4 > tkv[DN]
can be attributed specifically to inhibition of maternal Dpp
signaling. In aggregate, these results suggest that loss of
signaling mediated by maternal Dpp deposited in the perivitel-
line space alters the pattern of embryonic gene expression along
the DV axis and can be understood as a flattening of the dorsal
gradient, which results in an expansion of lateral gene
expression domains defined by intermediate levels of dorsal.Fig. 5. tld and tok are expressed in ventral follicle cells and regulate patterning of the
migrating posteriorly over the egg chamber at stages 8 and 9 (A). tok expression come
from a posterior to a dorsal location in the oocyte. At stage 10, tld is restricted to an 18
At stage 10, tok expression is ventrally restricted to a ventral band 21 cells wide, co
probes detected high and low levels of transcript for tld and tok respectively, during o
(not shown) are expressed by all FOC. (F) Anterior portion of a wild-type eggshell sh
appendages (DA), where the operculum is formed. (G) Eggshell generated from a mot
angle. 88% of chorions examined presented this phenotype (n = 42), while 12% had sh
dpp in anterior follicle cells (GAL4 55B > UAS DppGFP), raised at 29°C. Note the ex
raised at 18°C. With lower levels of Dpp DA material extends posteriorly. (J) A sim
lacking the first CR and the stem (Yu et al., 2000). (K) Wild-type embryonic cuticle sh
mother where tld− clones were induced. Note the expanded denticle belts. 76% of cu
from 232 non-hatching eggs). In panels C–E, dorsal is up, anterior is left. (F–I) SidMetalloproteases that cleave Sog are asymmetrically expressed
in follicle cells
Since territories along the embryonic DV axis are specified
by threshold responses to Dl, we wondered whether an inverse
maternal gradient of Dpp might exist that helped shape the Dl
gradient. One way to create asymmetry in Dpp signaling
would be to process or degrade Sog in a localized fashion. One
line of evidence for such a mechanism is that the zinc-
dependent metalloproteases encoded by tolloid (tld) and tolkin
(tok) are expressed in ventrally restricted patterns in the
follicular epithelium during the same stages that sog is
expressed. tld expression is initiated during stage 8 in follicle
cells migrating over the egg chamber (Fig. 5A) and by stage 10
becomes restricted to ventral follicle cells overlying the oocyte
(FOC, Fig. 5C). tok is expressed in a similar pattern as tld but
initiates at stage 9 (Fig. 5B), refining to a ventrally restricted
pattern by stage 10 (Fig. 5D). At later stages, tok expression
fades, beginning at the posterior end (not shown). The
ventrally restricted expression of these metalloproteases
suggests that Sog cleavage is likely to proceed primarily in
ventral regions of the egg chamber. Expression of tld and tok is
limited to ventral cells by the EGFR pathway, since in grk−
egg chambers both genes are expressed throughout the
follicular epithelium (Fig. 5E).
We next examined whether maternal tld/tok play a role in
patterning the eggshell and embryonic DV axis by generatingchorion and embryo. In situ hybridization shows tld expression in follicle cells
s on only at stage 9 (B). Note that between stages 8 and 10, grk expression moves
cell wide band of ventral follicle cells, corresponding to 50% circumference (C).
rresponding to 60% circumference (D). Although in the embryo the same RNA
ogenesis, we observed the inverse pattern. In grk− egg chambers tok (E) and tld
owing the angle (dashed line) between the micropyle and the base of the dorsal
her with tld− clones. Observe the smaller size of the operculum and the modified
ort or altered appendages. (H) Eggshell generated from a mother overexpressing
panded operculum. (I) Eggshell from a mother overexpressing low levels of dpp,
ilar phenotype is generated upon overexpression of a C-terminal Sog fragment
owing ventral denticle belts (d) and Filzkörper (fz). (L) Cuticle generated from a
ticles were ventralized as in the figure and 24% were dorsalized (of 38 cuticles,
e view with dorsal up; J, dorsal view; K, L, ventral view.
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with tld− clones dorsal anterior structures of the eggshell,
such as the dorsal appendages (DA) and operculum were
reduced (Figs. 5F, G). tok− clones caused similar phenotypes
(not shown). tld− and tok− clones are likely to act in a cell
non-autonomous fashion since the operculum and DAs derive
from dorsal cells (Dorman et al., 2004) that do not express tld
or tok. Dpp signaling also influences the positions of anterior
structures as ectopic dpp expression results in the formation of
a large operculum at the expense of the DAs (Araujo and Bier,
2000; Twombly et al., 1996). One explanation for these results
is that Tld acts non-autonomously to generate peak Dpp
activity in dorsal progenitors of the operculum.
Loss of tld function during oogenesis also alters embryonic
DV patterning. Most embryonic cuticles derived from mothers
bearing tld− clones were ventralized (76%, Fig. 5L, compare
with wild type in Fig. 5K; 38 cuticles analyzed). However, 24%
of the embryos had weakly dorsalized cuticles (not shown). This
suggests that Tld activity is required primarily to generate a
dorsalizing signal for patterning the embryo but may also create
a counteracting ventralizing activity.
Diffusion properties of different Sog forms
The localized expression of Tld in ventral follicle cells
suggests that Sog processing is spatially restricted and raises the
question of whether different forms of Sog protein have distinct
diffusion properties within the perivitelline space. We examined
the pattern of Sog staining in egg chambers carrying sog− null
follicle cell clones using the domain specific 8A and 8B anti-Sog
antisera. We found that Sog peptides containing the 8B epitope
could be detected within sog− clones up to 8 cells away from
wild-type or heterozygous sog expressing cells (Figs. 6C–E).
This apparent range of Sog diffusion in the perivitelline space
was independent of the location of clones, except in the vicinity
of ventral anterior FOC where Sog diffusion seemed more
limited (Fig. 6E). In contrast, Sog peptides detected by the 8A
antiserum were observed well within the borders of dorsal sog−
clones (Fig. 6F) but only along the borders of ventral clones and
not in the perivitelline space adjacent to the clone (Fig. 6G). We
interpret these results as evidence for a decreased ventral
mobility of Sog fragments that lack the CR2 domain given that
Sog fragments containing CR2 detected by the 8B antiserum
appear to diffuse equally well in both dorsal and ventral clones.
Analysis of the distribution of Sog protein in egg chambers
bearing tld− clones strengthened our interpretation of the sog−
clonal phenotypes (Figs. 6H–J). The uniform staining for Sog
protein detected by 8B was unaffected by tld− clones (Fig. 6H).
On the other hand, near ventrally located tld− clones (Figs. 6I,
J), Sog staining detected by the 8A antiserum was decreased in
the perivitelline space within the clone. It is possible that Sog is
still synthesized, but not cleaved, within these clones, while in
adjacent tld+ cells Sog is cleaved to create CR1-containing
fragments that remain associated with the tld expressing cells. In
support of this hypothesis, CR1 containing Sog fragments can
be produced in vitro by Tld and Tok (Shimmi and O'Connor,
2003; Yu et al., 2000). The distribution of Sog detected by the8A reagent was unaltered near dorsal tld− clones, in accord with
the lack of tld expression in dorsal follicle cells.
Since Sog can bind to BMPs in various complexes and is
thought to aid in the transport of BMPs, we asked whether
ectopic expression of Dpp might alter the distribution of Sog. As
presented earlier, we found that expression of Dpp-GFP driven
by CY2GAL4 resulted in greater GFP fluorescence in the dorsal
extracellular space, accompanied by elevated dorsal Sog
staining detected by the 8B antiserum (Figs. 6K–M and Figs.
2A, B). We observed the opposite result, however, when using
the 8A antiserum. We found that Sog staining was intensified
ventrally, both in the perivitelline space as well as within cells
(Figs. 6N–P). Increased dorsal staining detected by 8B could be
due to increased synthesis of Sog dorsally, increased breakdown
of Sog ventrally, or redistribution of Sog protein within the
extracellular compartment. We do not favor increased Sog
synthesis as an explanation since elevated dorsal Sog staining
was never observed using the 8A antibody, which should also
recognize newly synthesized full-length Sog. As altered
degradation of Sog would not explain the greater level of Dpp-
GFP staining dorsally (unless Dpp were also degraded in a
ventrally biased fashion), we tentatively favor a model involving
altered Sog transport, particularly as this can also account for the
results with the 8A antiserum. The increase in ventral Sog
staining with the 8A antiserum suggests that Dpp may increase
the generation of CR1 containing Ssog-like forms ventrally by
increasing the rate of cleavage by ventrally restricted metallo-
proteases. Increased staining inside ventral cells, detected only
by the antibody recognizing CR1, could be due to endocytosis of
excess molecules. Based on the differences in the inferred
mobility of Sog fragments revealed by clonal analysis, we
propose that Dpp overexpression leads to increased cleavage of
Sog by Tld ventrally, resulting in a greater redistribution of
fragments between the ventral and dorsal regions of the egg
chamber. As a result, N-terminal fragments containing CR1 only
(referred to as N-Sog hereafter) remain locally restricted, while
complementary fragments containing CR2 but not CR1 (referred
to as C-Sog hereafter), which may also bind Dpp, diffuse
dorsally resulting in increased levels of both Dpp and C-Sog.
Finally, further support for different Sog fragments having
distinct mobilities is that overexpression of full-length versus N-
Sog generates alternative phenotypes in the embryo. Misex-
pression of full-length Sog resulted in a general broadening of
the mesodermal domain (Fig. 7E), while expression of N-Sog
fragments (Ssog-1 or Ssog-4) produced less regular effects with
erratic mesodermal/neuroectodermal borders (Fig. 7F). These
different phenotypes may arise as a consequence of the salt-and-
pepper expression driven by the GAL4 system. Perhaps the
uneven expression of transgenes is smoothed over in the case of
the highly diffusible full-length Sog but not in the case of the
less mobile ssog-like forms.
The phenotypes caused by sog− follicle cell clones vary as a
function of DV position
We have previously shown that sog− follicle cell clones
produce dorsalized embryos and eggshells (Araujo and Bier,
Fig. 6. Sog fragments present distinct mobilities in the perivitelline space. (A–G) The distribution of Sog protein in egg chambers bearing sog− follicle cell clones,
which were detected by the absence of GFP. Sog protein was detected with the 8B (red in C–E) or 8A (pink in A, B, F, G) antisera. (A, B) Stage 9 egg chamber showing
specificity of the 8A antisera. Note absence of staining inside sog− cells. (C) Stage 10B egg chamber presenting several sog− clones (arrows). Note the even
distribution of Sog protein in the extracellular space. (D) Dorsal sog− clone. The arrowhead points to the anterior border of the clone. 8B detects Sog protein in the
extracellular space at least 8 cells away from sog expressing cells. This phenotype is representative of most clones analyzed. (E) Ventral anterior sog− clone. The
arrowhead points to the posterior border of the clone. Sog protein is seen in the extracellular space 4 cells away (arrow) from sog+ cells. (F) Sog protein detected by the
8A antiserum in the extracellular space adjacent to a dorsal sog− clone. (G) Ventral anterior sog− clone. 8A detects Sog protein restricted (arrow) to sog+ cells, not
surpassing the clonal border (arrowhead). (H–J) Distribution of Sog protein in egg chambers bearing tld− follicle cell clones. Sog protein is detected with the 8B (red in
H) or 8A (pink in I, J) antiserum. (H) Distribution of Sog protein detected by 8B is unaltered close to tld− clones. Arrowheads point to the posterior limit of a large
anterior clone that covers dorsal and ventral cells. (I) A large anterior clone covering dorsal and ventral cells shows a small alteration in the distribution of Sog protein
in ventral cells as detected by 8A. Arrowheads point to the posterior border of the clone. The arrow shows Sog in the perivitelline space adjacent to tld− cells, for
comparison with Sog adjacent to tld+ cells (asterisk). (J) High magnification of panel I, showing that staining is more intense close to tld+ cells, as compared to tld−
cells (arrow). (K–P) The distribution of Sog protein is altered upon overexpression of DppGFP. Egg chambers from CY2 > DppGFP females immunostained for Sog
with 8B (red, K–M) or 8A (pink, N–P). Although expression of DppGFP is comparable among the ventral and dorsal FOC, GFP fluorescence (green) is greater in the
dorsal than the ventral perivitelline space (arrowheads in L), followed by increased Sog 8B staining dorsally (arrowhead in K). (N–P) Conversely, Sog distribution
detected with 8A is greater in ventral cells (arrowhead in N). In panels D–P, dorsal is up, ventral down, anterior left and posterior is to the right.
211K. Carneiro et al. / Developmental Biology 296 (2006) 203–2182000). In extending this analysis, we noticed that there was also
a minority of embryos that had ventralized patterns (Fig. 7 and
Table 1). These opposite phenotypes may result from different
locations or sizes of the sog− clones. We examined the basis for
these different phenotypes by generating sog− clones marked by
the chorion mutation dec, which results in the formation of clear
zones in the chorion (Nilson and Schupbach, 1998). Severalchorion defects were observed in conjunction with marked sog−
clones (but not in control dec− clones) depending on their DV
position (Table 2). Ventral anterior sog− clones were often
associated with a smaller operculum (defined by the area
between the base of the dorsal appendages and the micropyle)
(Figs. 7O, P). Interestingly, tld− clones also resulted in a reduced
operculum (Fig. 5G), whereas overexpression of dpp had the
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Table 1
Maternal sog regulates the extent of embryonic expression domains along the DV axis
Genotype n with NE and/or Mes
phenotype (n total)
NE phenotype (%) (n) Mes phenotype (%) (n) Distortion
(%) (n)
Ventral NE domain widens a Mes reduction Mes widens
sog− clones 32 (218) 40.6 (13) 47 (15) 12.5 (4) 25 (8)
UAS-Sog b 16 (429) 31 (5) 38 (6) 0 31 (5)
UAS-ssog1 c 40 (150) 62.5 (25) 35 (14) 47.5 (19) 0
Embryos were collected from females containing sog− follicle cell clones (sog− clones) or expressing different UAS-constructs driven by the CY2 GAL4 line.
Phenotypes classified in the Table are those exemplified in Fig. 7. Mesoderm (Mes) reduction or widening was determined on the base of the sna expression domain
and/or on the absence of vnd staining ventrally. The UAS-sog constructs used are described in Fig. 2.
a In this class are gathered embryos with widening of vnd either dorsally or ventrally, as represented in Figs. 7B, D, due to a potential change in the slope of the
dorsal gradient. Ventral widening of vnd necessarily reduces the Mes domain.
b Low penetrance of UAS-Sog phenotype as compared to UAS-ssog1 may reflect lower level expression of the construct (see Fig. 2).
c Phenotypes obtained with UAS-ssog1 (and UAS-ssog4, not shown) have spatially restricted effects as compared to UAS-Sog.
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sog− clones located dorsally (Table 2) were usually smaller and
generated no phenotype. However, fused dorsal appendages
were observed in the proximity of dorsal sog− clones that
touched the base of the appendages (Figs. 7M, N).
We also observed embryonic cuticle defects associated with
dec marked sog− follicle clones. We examined 117 chorions
containing sog− clones, but the number of cuticles obtained for
analysis under these conditions was considerably less (19),
which may be explained by defects in the chorion blocking
oocyte fertilization (Araujo and Bier, 2000). These embryos had
bifurcated or interrupted ventral denticle belts (Figs. 7G, H), a
phenotype frequently observed in embryonic cuticles derived
from unmarked sog− clones (Araujo and Bier, 2000). Cuticular
defects were never observed in response to dorsal sog− clones
of comparable sizes (10 dorsal clones versus 5 ventral or lateral
clones with cuticular phenotype). These cuticle phenotypes do
not result from a reduction in zygotic sog levels since females
bearing follicle cell clones were crossed to males carrying a
duplication of the sog locus on the Y chromosome, to generate
zygotic sog+ embryos. Furthermore, zygotic sog− embryos
generated from egg chambers bearing large dec marked ventral
clones had cuticles that were more dorsalized than those only
lacking zygotic sog function (17 cuticles analyzed, 7 with
ventral or lateral clones associated to modified DV phenotypes,
Figs. 7I–L). Dorsal sog− clones, on the other hand, did not
modify the zygotic sog− phenotype (4 clones). Ventral and
lateral sog− clones that generated no phenotype were either
small (<15 cells) or located posteriorly. The chorion and cuticle
phenotypes we observed as a function of the location ofFig. 7. Effect of Sog overexpression and sog− clones on patterning of the eggshell an
unstained presumptive mesoderm. (B–D) Mothers with sog− follicle cell clones
reduction of the presumptive mesoderm (B), dorsal shift of vnd and widening of the
also obtained by overexpression of several UAS-sog constructs (Table 1). (E) An e
and slight expansion of vnd. (F) Embryos form CY2 > UAS-ssog1 mothers presen
vnd expression. Phenotypes seem more restricted spatially. (G–P) Effect of dec mar
P). (G, I, K, M, O) Focal planes showing cuticle or eggshell phenotypes. (H, J, L,
lateral clone generates interrupted and bifurcated ventral denticle belts (arrowhead
crossed to males containing a duplication of the sog locus on the Y chromosome.
clone. The embryo is more dorsalized than an embryo that is only lacking zygotic so
touch the appendages. Bright appendage material is seen between the base of the DA
operculum is reduced as compared to wild-type (see Fig. 5).sog− clones reveal that the requirement for sog function varies
as a function of DV position. These findings are also consistent
with data described above suggesting that Sog peptides genera-
ted in dorsal versus ventral follicle cells have different activities.
Discussion
In this study, we have shown that sog, dpp, and tld act during
oogenesis to promote the formation of dorsal anterior structures
of the eggshell and to establish the embryonic DV axis.
According to our proposed model (Fig. 8), Sog is produced in
follicle cells and is processed into different forms depending on
DV location and stored in the perivitelline space. These forms
of Sog then persist until early stages of embryogenesis at which
time they act by a delayed induction mechanism to alter
signaling mediated by maternally derived Dpp. We propose that
an asymmetric distribution of Sog peptides is produced through
the action of the ventrally localized Tld and Tok metallopro-
teases. Different forms of Sog act locally to inhibit Dpp
signaling ventrally (e.g., N-Sog) or diffuse over considerable
distances to concentrate Dpp dorsally (e.g., full-length Sog or
C-Sog). According to this model, a dorsal-to-ventral gradient of
Dpp activity is formed in the perivitelline space that counteracts
and sharpens the inverse gradient of nuclear dorsal.
Maternal Sog and Dpp pattern the embryonic DV axis by
delayed induction
An important finding in this study is that Sog protein
produced by follicle cells is secreted into the perivitellined embryo. (A) Awild-type embryo with ventro-lateral expression of vnd and an
generate embryos with ventral widening of vnd expression and consequent
mesoderm (C), dorsal widening of the vnd domain (D). These phenotypes were
mbryo from a CY2 > UAS-Sog mother showing distorted expression domains
t a mixed phenotype consisting of mesoderm widening and ventral invasion of
ked sog− follicle cell clones on the embryonic cuticle (G–L) and eggshell (M–
N, P) Focal planes showing the dec marked clones on the eggshell. (G–H) A
s). This embryo is zygotically sog+ since mothers bearing sog− clones were
(I, J) sog− embryo generated from an egg chamber containing a large ventral
g function (K, L). (M, N) DA phenotype associated with dorsal sog− clones that
s. (O, P) Opercular phenotype associated to a ventral anterior sog− clone. The
Fig. 8. Model for the production of different Sog fragments during oogenesis and their effect on the eggshell and embryo. (A, B) Diagram depicting an egg chamber
with nurse cells and oocyte. Colors represent proteins in the perivitelline space. Green arrows indicate Dpp produced and secreted from follicle cells anterior to the
oocyte. Sog protein (red) is evenly secreted to the perivitelline space and in ventral cells Tld and Tok may generate Sog fragments (purple). (B) As a consequence of
Tld and Tok expression in ventral anterior regions of the perivitelline space, Sog fragments are generated that either remain ventrally restricted (N-Sog, pink) or diffuse
dorsally (C-Sog, blue arrow) carrying Dpp dorsally and creating a peak of Dpp activity required for formation of the operculum. Ventral N-Sog as well as dorsal full-
length Sog antagonize Dpp. (C) In the embryo, a gradient of Dpp is formed with high levels dorsally and low levels ventrally, centered in the region of the embryo
where the cephalic furrow will form. This geometry arises from the fact that during mid-oogenesis, the distribution of proteins in the perivitelline space is consolidated
before the oocyte grows anteriorly under the follicle cells and perivitelline space. (D, E) As a consequence of increased maternal dpp expression, the Dpp gradient
increases ventrally and to the sides, generating embryos with a localized reduction in the levels of nuclear dorsal and consequently shifting gene expression domains
ventrally. The distribution of Dpp activity proposed for the embryo is in agreement with the phenotypes previously characterized, resulting from an increase in the dose
of maternal dpp (Araujo and Bier, 2000). In those experiments, the effects of gene expression of ventral and lateral genes were greater at 70% egg length, while further
dorsally, the effects were more widespread along the AP axis.
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embryogenesis, prior to initiation of zygotic sog expression.
One way maternal Sog fragments might influence DV
patterning in the embryo is to modify zygotic Dpp signaling.
However, maternal Dpp signaling is involved in establishing
the relative positions of the ventral mesoderm versus the
lateral neuroectodermal territories, while zygotic Dpp activity
determines the relative positions of dorsal and lateral
domains. These distinct phenotypes suggest that maternal
Sog acts by modulating the maternal rather than the zygotic
component of Dpp signaling.
Our analysis also suggests that the Dpp synthesized by
follicle cells is secreted into the perivitelline space and
stored there until advanced stages of oogenesis. These
maternally synthesized Sog and Dpp proteins may act on the
embryo following fertilization when signaling through the
Toll pathway is initiated. Several lines of evidence support
this hypothesis. First, through epistatic analysis (Araujo and
Bier, 2000), we have shown that maternal Dpp does not act
upstream of the Toll receptor. Therefore, genes expressed in
the follicle cell epithelium that regulate DV patterning
exclusively via the Toll pathway should not be targets of
maternal Dpp signaling. Alternatively, undescribed non-Toll
mediators of DV patterning could potentially be targets of
maternal Dpp in the follicular epithelium. Second, blocking
Tkv receptor function (not shown) or reducing maternal Dppactivity (by 8xhssog, Araujo and Bier, 2000) in follicle cells
has no effect on the pattern of pip expression. We have also
previously shown that maternal dpp does not alter grk
expression (Araujo and Bier, 2000). Thus, we have found
no evidence that the embryonic effects here described are
due to alterations in patterning of the follicular epithelium.
Third, maternal dpp signaling increases the levels of Cactus
protein in the embryo by a mechanism that is independent
of Toll (Araujo and Bier, 2000). Finally, inhibition of Tkv
with tkvDN expressed with an early maternal driver alters
the embryonic expression domains of ventral and lateral
genes such as vnd and snail, which are targets of dorsal
activation but not of zygotic BMP signaling. tkvDN
expression also alters expression of DV genes in lateralized
embryos, which lack dorsal ectoderm and early zygotic dpp
expression. In aggregate, these various data support the view
that maternal dpp and sog act by delayed induction on the
embryo itself. We cannot currently rule out the possibility,
however, that the embryonic DV phenotypes here described
result from the combined effects of direct and indirect
maternal dpp signaling with the predominant effect being
direct.
Delayed inductive activities have been proposed for a
variety of proteins synthesized during oogenesis. For
example, activation of the terminal system relies on delayed
inductive activity of the secreted product of the torsolike gene
Table 2
Chorion phenotype of sog− follicle cell clones depend on DV location of the
clones
Clone location Clone
size
(#cells)
Chorionic phenotype a
Decreased
operculum
Fused DAs b None
Ventral <30 27 c
>30 1 5
Lateral <30 6
>30 1
Ventral or
lateral anterior
<30 10 7 d
>30
Dorsal <30 9 e 24
>30 10
Dorsal anterior <30 1 2 2
>30
Mixed D + V <30 5
>30 6 1
sog− follicle cell clones marked by the absence of dec were generated as in
Methods. Phenotypes listed are exemplified in Fig. 7. Numbers represent total of
eggs with clones in a given location.
a We have also encountered phenotypes that could not be associated with any
visible clone. These include DA material extended ventrally around the entire
DV axis. These phenotypes were not considered in the Table.
b Phenotypes classified as “fused DAs” included those with brilliant light-
scattering material at the base between DAs, as in Figs. 7M, N, as well as truly
fused appendages.
c Usually these consisted of several salt and pepper clones of 1–5 cells.
d These clones were always smaller than 15 cells.
e All clones associated to a dorsal appendage (DA) phenotype touched the
base of the DAs, while those that did not present a DA phenotype did not touch
the appendages.
215K. Carneiro et al. / Developmental Biology 296 (2006) 203–218(tsl), which is expressed by follicle cells at the two poles of
the oocyte and associates with the vitelline membrane
(Stevens et al., 2003). ndl has a dual action on chorion
integrity and embryonic patterning (LeMosy and Hashimoto,
2000). The embryonic patterning function of ndl is thought to
be mediated by Nudel protein that is secreted into the
perivitelline space where it associates with the embryonic
plasma membrane and initiates a proteolytic cascade (LeMosy
et al., 1998). We propose that Sog and Dpp secreted by
follicle cells also serve two roles. First, they contribute to
patterning the follicle cell epithelium and chorion, and
secondly, they are transferred to and stored in the perivitelline
space where we propose that they function after fertilization
to modify Toll patterning in the embryo.
Sog, Dpp and metalloproteases are asymmetrically distributed
in the egg chamber
During embryogenesis, Sog protein diffuses dorsally from
the neuroectoderm (Srinivasan et al., 2002) and may carry Dpp
dorsally in a complex with Tld, Tsg, and Scw, resulting in the
generation of peak Dpp activity in the dorsal midline (Chang et
al., 2001; Dorfman and Shilo, 2001; Ferguson and Anderson,
1992; Mizutani et al., 2005; Shimmi and O'Connor, 2003;
Sutherland et al., 2003). The spatial distribution of maternal Sog,
Dpp, Tld and Tok during oogenesis could also create asymmetric
BMP activity. Since tld and tok are expressed only in ventral
follicle cells, a ventral-to-dorsal gradient of Sog fragments islikely to be produced. Because cleavage of Sog by Drosophila
Tld and Tok is dependent on the amount of Dpp (Shimmi and
O'Connor, 2003), cleavage of Sog by Tld and Tok should be
increased near the source of Dpp, generating an oblique gradient
of Sog fragments in the egg chamber (Fig. 8). The existence of
such a gradient is supported by the greater staining seen in
anterior ventral cells with the anti-Sog 8A antiserum during
stage 10B. However, greater asymmetry may exist as a result of
differential distribution of an array of Sog fragments throughout
the egg chamber. Unfortunately, visualization of such asymme-
try would be hard to achieve due to limitations in the ability to
recognize several fragments by existing Sog antisera.
Our analysis of marked sog− and tld− follicle cell clones
suggests that the mobility of Sog fragments in the extracellular
compartment may contribute to creating a maternal Dpp activity
gradient. Such clones resulted in different Sog staining patterns
in the perivitelline space adjacent to the clones depending on
where they were located along the DVaxis. The staining pattern
observed with the 8A antibody suggests that ventrally generated
N-Sog cleavage products may be less diffusible than intact Sog
or than C-Sog and remain restricted to their site of production.
In contrast, full-length Sog and C-Sog fragments appear to
diffuse more readily.
Diffusion of Dpp may also contribute to patterning the
eggshell. The expression of dpp in anterior follicle cells is
consistent with its role in the formation of dorsal anterior
chorionic structures. An anterior-to-posterior gradient of Dpp
activity in dorsal regions of the egg chamber is suggested by the
Dpp-dependent activation of the A359 enhancer trap and graded
repression of bunched along the AP axis (Dobens et al., 2000). In
addition, BR-C expression is lost in mad− clones away from the
source of Dpp (Peri and Roth, 2000). sog is likely to contribute to
establishing this BMP gradient since ventral sog−clones act
non-cell-autonomously to decrease the size of the operculum.
Since ventral tld− clones also alter the extent and angle of the
operculum, Tld may process Sog to generate a fragment that
diffuses and carries Dpp to a dorsal anterior location,
concentrating and thus enhancing Dpp activity. Further evidence
that a fragment with such activity exists derives from the
observation that overexpression of a C-terminal Sog fragment
generates chorionic phenotypes that strongly resemble dpp
overexpression (Figs. 5I, J).
A dorsally produced form of Sog also appears to
participate in patterning the eggshell since sog− clones
located dorsally result in fusion of dorsal appendages along
the dorsal midline. DV positioning of the dorsal appendages
depends on several factors, most critically on EGFR signaling
(Dobens and Raftery, 2000). On the other hand, mild
overexpression of dpp generates fusion of the dorsal
appendages. Considering the well-established role of Sog in
modulating Dpp activity, the fused appendage phenotype
generated by dorsal sog− clones most likely reflects the loss
of Dpp antagonism exerted by Sog.
In addition to the activities described above, N-Sog
fragments which remain ventrally restricted could exert Super-
sog-like activity, antagonizing BMPs while acquiring resistance
to further cleavage and degradation by Tld (Yu et al., 2000).
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but does not affect dorsal positioning of eggshell structures,
which depends on the combined activity of Dpp/BMPR
signaling and dorsally generated Grk/EGFR signals (Deng
and Bownes, 1997; Dobens et al., 2000; Peri and Roth,
2000).
Different Sog activities may contribute to patterning the DV
axis of the embryo
The assortment of Sog fragments in egg chambers is very
similar to that in the embryo. Full-length and processed forms
of Sog generated by Tld during oogenesis might remain
asymmetrically distributed during embryogenesis and exert
distinct activities. This hypothesis is in agreement with the
effect of tld− and sog− follicle cell clones on the embryo. In
the majority of cases, tld− follicle cell clones result in
ventralized cuticles, indicating that Tld generates some
activity that synergizes with Dpp. Reciprocally, the great
majority of sog− follicle cell clones result in dorsalized
cuticles and embryos, indicating that Sog primarily acts by
antagonizing Dpp. Since only ventral sog− clones generate
cuticle defects, ventrally produced Sog presumably generates
a ventralizing activity that blocks Dpp locally. On the other
hand, since in a minority of cases we observe ventral shifts in
embryonic gene expression domains resulting from sog−
clones, as well as a minority of dorsalized cuticles from tld−
clones, there may also be a form of Sog that can enhance Dpp
signaling. This positive BMP promoting activity could be
generated ventrally, as suggested above in the case of chorion
patterning.
Amodel depicting the proposed effects of different Sog forms
on formation of the chorion and embryonic patterning are shown
in Fig. 8. According to this model, ventrally restricted Tld
cleaves Sog near the Dpp source in ventral anterior follicle cells
generating N-Sog and C-Sog. We suggest that N-Sog fragments
remain restricted near ventral anterior cells to antagonize Dpp,
while C-Sog fragments diffuse dorsally concentrating Dpp in
dorsal anterior cells that direct formation of the operculum. This
asymmetric production of Sog molecules would generate a
dorsal-to-ventral gradient of Dpp, with the highest levels
dorsally near the anterior Dpp source. Although direct
visualization of the predicted resulting Dpp gradient in the
embryo is hard to achieve with the tools available, we propose
that such a similarly oriented gradient persists until early
embryogenesis based on the asymmetric pattern of Dpp-GFP
distribution during late oogenesis and the observed alterations in
embryonic gene expression domains resulting from modifica-
tions in maternal Dpp signaling (see below).
Maternal Dpp activity alters the shape of the dorsal gradient
The slope of the Dl nuclear gradient ultimately defines the
extent of the mesoderm (Mes), neuroectoderm (NE), and dorsal
ectoderm (DE). A uniform increase or decrease in nuclear Dl
along the DV axis can only alter the extent of the Mes and DE
and positioning of the NE, while a change in the slope of thegradient will modify the extent of NE territories such as the vnd
expression domain. Under all conditions that Dpp signaling was
altered, we observed modifications in the width of the vnd
domain. This suggests that graded maternal Dpp signaling helps
determine the slope of the dorsal gradient. Our earlier studies
suggested that Dpp inhibits Cactus degradation and as a
consequence decreases Dl translocation into the nucleus
(Araujo and Bier, 2000). Increased Dpp signaling should result
in more Dl retained in the cytoplasm, with consequent
narrowing of the mesoderm and ventral shift in lateral and
dorsal expression domains. Conversely, inhibition of Dpp
signaling would result in increased levels of Dl becoming
available for nuclear translocation. Considering our proposal
that maternal Dpp is highest dorsally, and that Cactus may also
act to prevent Dl diffusion along the DV axis, decreasing Dpp
should lower Cactus levels in dorsal–lateral regions of the
embryo and result in the redistribution of free Dl from ventral to
lateral regions. As a consequence of this redistribution of Dl,
there would be a slight decrease in Dl levels ventrally and an
increase laterally, which would have the net effect of flattening
the gradient. Such a mechanism would require a certain degree
of mobility of dorsal dimers in the syncytial blastoderm. In
future studies, it will be interesting to determine the relative
mobilities of Dl/Cactus complexes in the cytoplasm.
Maternal BMP signaling may also increase the robustness of
dorsal patterning. The prevailing view of DV patterning is that
signaling through the Toll pathway is sufficient to generate
threshold-dependent activation of several dorsal target genes
along the entire DV axis. Activation of Toll triggered by the
ON/OFF pip expression pattern must be transformed into a
ventrally centered gradient of Toll signaling. Several mechan-
isms may contribute to generate this gradient, based on
autoregulatory feedback mechanisms (Chang and Morisato,
2002; Morisato, 2001). Although the Toll system may be
internally robust, regulatory inputs from other signaling path-
ways could also contribute further to its stability, such as
suggested for the wntD pathway (Ganguly et al., 2005; Gordon
et al., 2005) and for maternal Dpp (Araujo and Bier, 2000; this
report). While a significant body of evidence supports the
standard view that establishment of the dorsal gradient through
the Toll pathway is central to DV axis specification, the
maternal Dpp pathway may constitute an important secondary
mechanism that sharpens and ensures robustness and stability
of the dorsal gradient in response to a rapidly changing
embryonic environment.
Maternal BMP and EGF-R signaling may act in parallel to
pattern the embryo
The initiating event in maternal DV patterning is localized
activation of the Grk/EGFR pathway in dorsal cells (Neuman-
Silberberg and Schupbach, 1993). Grk functions by restricting
the expression of both pip and tld/tok, providing two
potentially independent means for spatially regulating the
activity of Toll and Dpp. This dual action of the Grk/EGFR
pathway is consistent with our previous analysis (Araujo and
Bier, 2000) in which we found that embryonic cuticles from
217K. Carneiro et al. / Developmental Biology 296 (2006) 203–218gd−; grk−; Tl[3] mothers displayed a phenotype distinct from
those collected from gd−; Tl[3] mothers. While cuticles from
both genotypes had denticle belts surrounding the entire
circumference of the embryo, cuticles from gd−; grk−; Tl[3]
mothers were more elongated than those from gd−; Tl[3]
mothers and exhibited a more ventral character. This suggests
that grk provides an additional signal for asymmetry
downstream or in parallel to gd. Based on our new and
previous findings, we suggest that the hypothetical system
proposed to act downstream of grk/EGFR and in parallel to
Toll may be the Dpp pathway.
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